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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ Effect of dispersed phase viscosity on maximum droplet generation frequency in microchannel emulsification using asymmetric straightthrough channels Over the past two decades, several microengineering techniques for drop-by-drop generation of size-controlled droplets have been developed. Membrane emulsification (ME) involves passing a pure dispersed phase through a microporous membrane into the continuous phase (direct ME) (Nakashima et al. 2000; Williams et al. 1998) or controlled breakup of preformed large droplets in the membrane pores (premix ME) ).
Various membrane configurations have been investigated for direct ME including cross-flow systems (Vladisavljević and Schubert, 2003a) , rotating stainless steel tube with laser drilled pores (Vladisavljević and Williams, 2006) , vibrating microsieve membrane (Holdich et al. 2010 ) and stirred cell with flat-disc membrane (Egidi et al. 2008) . ME enables production of emulsions over a wide range of mean droplet sizes from about 0.3 µm to several hundred µm with a width of the particle size distribution typically in the range of 0.3−0.6 as measured by relative span factor (Table A1) or above 10% in terms of coefficient of variation (CV). The relative span factor is the relative width of a particle size distribution defined in Table A1 .
Microfluidic droplet generators such as flow focusing devices (Anna et al. 2003; Xu and Nakajima 2004) and Ψ, Y or T junctions Steegmans et al. 2009; Thorsen et al. 2001) can generate monodisperse droplets with a minimum size of around 10 µm and a CV of less than 3 %. These devices employ cross-, co-current-or counter-current flow of two immiscible liquids in microchannels (MCs) to form oil-in-water (O/W) or water-in-oil (W/O) emulsion droplets (Thorsen et al. 2001; Utada et al. 2007 ).
Alternatively, uniform droplets can be formed by passive breakup of large droplet plugs in microfluidic T-junctions or obstacles (Link et al. 2004) . Core/shell droplets and higher-order multiple emulsion droplets can be generated by combining co-and counter-current flow (Utada et al. 2005) or using sequential droplet-formation units (DFUs) with alternating wettability (Abate and Weitz, 2009 MC array devices can allow integration of hundreds of thousands of DFUs on a single chip (Kobayashi et al. 2005a ) and the diameter of generated droplets can range from 1 µm (Kobayashi et al. 2007 ) to several mm (Kobayashi et al. 2008b) . MC arrays can be fabricated parallel to the MC plate surface as open microgrooves (Kawakatsu et al. 1997) or normal to the plate surface as straight-through holes (Kobayashi et al. 2002) . In the former case, the channels are sealed by a cover glass slip and the droplets are formed in a well behind the MCs. In the latter case, ∼1 mm gap is allowed between the MC plate and cover slip to form a channel for cross-flowing continuous phase. The driving force for droplet formation in MC emulsification is a difference in Laplace pressure across the oil/water interface in the well and inside a MC. Therefore, the distorted dispersed phase is spontaneously transformed into spherical droplets by interfacial tension (Sugiura et al. 2002a ). The role of cross flow is to remove generated droplets from the module and not to control the droplet size. In the dripping regime the droplet size is virtually independent on the flow rate of the dispersed and continuous phase. In contrast, in shear-based systems such as flow focusing devices and Tjunctions, flow rates of all phases have a strong effect on the droplet size and have to be precisely controlled at each DFU. As a consequence, shear-based droplet generators are much more difficult to scale up.
Grooved MC arrays for blood rheology measurements were developed by Kikuchi et al. (1992) and optimized for production of uniform droplets by Kawakatsu et al. (1997) . Deadend modules with grooved MC arrays provide a low dispersed phase flow rate of less than 0.1 mL h -1 for edible O/W emulsions (Table A2) , due to limited number of MCs (100−1,500).
Cross-flow grooved MC modules are more suited for higher throughputs and a flow rate of soybean oil of 1.5 mL h -1 has been achieved in a cross-flow module consisted of 12,000 microgrooves arranged in 14 parallel arrays (Kobayashi et al. 2010 (Kobayashi et al. 2005a) (Table A3 ). Symmetric MCs are of the same size and geometry (e.g. either circular or rectangular) along the whole cross section of the plate.
Rectangular MCs can provide better performance than circular MCs and an aspect ratio of the MC should be at least 3−3.5 to ensure production of highly uniform droplets (Kobayashi et al. 2004 ). Van Dijke et al. (2010) have confirmed through CFD simulations that a minimal aspect ratio was necessary to allow penetration of the continuous phase inside the MC during droplet detachment. They have found that at the aspect ratio below 3, the growing droplet occupied completely the cross section of the channel, preventing inflow of the continuous phase to the point of snap-off.
Asymmetric MCs have a different shape on different sides of the plate, e.g. cylindrical shape on the upstream side and rectangular shape on the downstream side (Kobayashi et al. 2005b) ( Figures 1a and 1b) . Asymmetric structure is especially suited for generation of uniform droplets from liquids with a viscosity below 1 mPa s, such as volatile hydrocarbons (C6-C10), e.g. decane (Kobayashi et al. 2005b ). Asymmetric straight-through MCs have also been used for production of W/O emulsions (Kobayashi et al. 2009 ) and polyunsaturated fatty acids (PUFA)-loaded O/W emulsions (Neves et al. 2008 ).
The maximum throughputs in asymmetric MC array devices have not yet been systematically investigated. The aim of this work is to investigate experimentally and through CFD the effect of dispersed phase viscosity on the maximum flux and maximum droplet generation frequency in asymmetric straight-through MC emulsification. 
Silicon chip
The experiments have been carried out using silicon 24 × 24 mm MC plate (model WMS1-3, manufactured by EP. Tech Co., Ltd., Hitachi, Japan) containing 23,348 MCs arranged within a 10×10 mm square region in the centre of the plate. As shown in Figure 1c , the MC plate was 500 µm thick, but it was etched down to thickness 100 µm in the central region. The plate was microfabricated by photolithography and deep reactive ion etching. Each MC consisted of a cylindrical 10-µm diameter straight microhole with a depth of 70 µm and a 50 × 10 µm microslot with a depth of 30 µm (Figure 1b) . The slot aspect ratio of 5 was above the threshold value of 3 required for monodisperse emulsion generation. The distance between the centres of adjacent MCs in the vertical rows was 70 µm and the distance between the centres of MCs in the adjacent rows was 60 µm (Figure 1d ). Before first usage, the MC plate was subjected to plasma oxidation in a plasma reactor (PR41, Yamato Science Co. Ltd., Tokyo, Japan) to form a hydrophilic silicon dioxide layer on the surface. After each experiment the plate was gently cleaned in an ultrasound water bath (VS-100 III, As One Co., Osaka, Japan) using a commercial neutral detergent solution and stored in 0.1 M nitric acid solution to maintain its hydrophilicity. Under laminar flow conditions in the gap (Re<500), the shear stress τ at the MC plate surface is given by: τ = 3Q c η c /(2h 2 W), where h=1 mm is the gap height and W=12 mm is the gap width. The meaning of symbols which are not explained explicitly can be found in the nomenclature. The continuous phase flow rate was 50 mL h -1 at the minimum dispersed phase flow rate of 1 mL h -1 and increased in proportion to the dispersed phase flow rate. τ had a negligible value of 1.7×10 -3 Pa at Q c =50 mL h -1 , and even at Q c =17,500 mL h -1 it was only 0.6 Pa. As a comparison, in membrane emulsification the shear stress at the membrane surface is typically in the range of 1−30 Pa (Vladisavljević and Schubert 2003a). As mentioned above, the driving force for droplet detachment in MC emulsification is not a shear stress at the plate surface but a difference in Laplace pressure. The droplet generation was recorded at 600 frames per second using a Rabitt model mini 2 high-speed camera (Photoron, Tokyo) attached to an inverted metallographic microscope (MS-511-M; Seiwa Optical Co., Ltd., Tokyo), as shown in Figure 2 . The droplet generation rate was estimated from the recorded videos. The particle size distribution of the resultant emulsions was measured using a commercial light scattering instrument (Beckman Coulter LS 13 320, Miami, FL). This instrument incorporates Polarization Intensity Differential Scattering technology to provide a measurement range from 0.04 to 2,000 µm with a resolution of 116 particle size channels. The mean droplet size was expressed in terms of the Sauter mean diameter, d 3,2 , which is the diameter of a droplet having the same area per unit volume as that of the total collection of droplets in the emulsion. (Table 1) . Thus, it was supposed that during droplet detachment process the surfactant molecules did not have sufficient time to adsorb at oil/water interface in any appreciable amount. It is in agreement with our experimental results obtained on the same MC plate that showed no difference in the droplet size distribution for 2% SDS and 0.01 % SDS in the continuous phase . At the oil velocity in the MC of less than 1 mm s −1 , the droplet diameter was virtually constant (d = 26.3−27.5 µm) for the investigated oil types. At the critical velocity corresponding to the boundary between dripping and blow-up regime, the droplet diameter sharply increases and the droplet generation frequency reaches a maximum value. At U < U cr the net droplet detaching force (the sum of viscous and buoyancy force) can be neglected compared to the interfacial tension force (Sugiura et al. 2002a ) and the droplet diameter is lower than 30 µm. At U > U cr the net droplet detaching force dominates over the interfacial tension and the dispersed phase flows out continuously forming a big droplet (d > 30 µm) at the channel outlet. In the dripping (size-stable) regime the droplet size is controlled by the MC geometry. In the blow-up (continuous outflow) regime, the droplet size is independent of the MC geometry and highly depends on the dispersed phase velocity in the MC. This dependence can be expressed in terms of Capillary number, Ca = η d U/γ for laminar conditions and Weber number, We = ρ d dU 2 /γ for turbulent conditions. In most cases, flow in
MCs is laminar and Ca is used instead of We. As shown in Figure 4 , the critical velocity for the investigated oils varies from 4 mm s −1 for soybean oil to 92 mm s −1 for tetradecane. The difference in critical velocity can be explained by a higher viscosity and lower interfacial tension of soybean oil as compared to tetradecane (Table 1) , and thus for soybean oil the viscous force exceeds the interfacial tension force at much lower velocity. The Capillary number at the critical velocity was 6×10 -3 and 7×10 -3 for tetradecane and soybean oil, respectively. Both capillary numbers are similar, which agrees well with the results reported by Sugiura et al (2002b) and a small discrepancy can be explained by a higher buoyancy force acting on tetradecane droplets. Figure 4 shows that on a log-log scale the maximum droplet generation frequency per channel linearly increases with decreasing the oil viscosity and ranges from 21 Hz for soybean oil to 440 Hz for n-tetradecane. The maximum droplet generation frequency would continue to increase with the further decrease in oil viscosity until a minimum viscosity ratio is reached, at which droplet formation is no longer possible, as pointed out by van Dijke et al. (2010) .
The minimum viscosity ratio η d /η c is a function of MC design. In Figure 4, Kobayashi et al. (2008a) for symmetric MC plate (Table A3 ). The reason for the discrepancy between 30 Hz achieved by Kobayashi et al. (2008a) and 21 Hz predicted here is in the size of MCs (10×50 µm in this work and 1×5 µm in the previous work). The maximum droplet generation frequency decreases with increasing the channel size, due to increase in the mean droplet size.
Experimental investigations
3.2.1 Mean droplet size and droplet size distribution Figure 5 illustrates the Sauter mean diameter and the span of particle size distribution for MCT oil-in-water emulsions as a function of flux through the MC plate. In the flux range from zero to 150 L m -2 h -1 (the size-stable zone) the mean particle size was virtually constant (d 3,2 = 27.1−27.6 µm) with a span of 0.20−0.23. The same type of behaviour was observed for a grooved terrace-based MC system (Sugiura at al. 2002b). In the size-stable zone (a) the particle sizes occupy just three size channels of the particle size analyser (Figure 6a ), which indicates very high degree of droplet size uniformity. Such low span values cannot normally be obtained in membrane emulsification, as shown in Table A1 . In the flux range from 150 to 600 L m -2 h -1 the Sauter mean diameter expanded from 27.6 to 31.2 µm and the droplets remained uniform with a span of 0.20−0.25. Therefore, quasi-monodispersed droplets were formed at the flux below 600 L m -2 h -1 , therefore in both size-stable and size-expanding zone.
The size stable and size-expanding zone can be distinguished by the numerical value of the slope and the correlation coefficient R between d 3,2 and J. Within size-stable zone R 2 is typically between 0.1 and 0.6 and within size-expanding zone R 2 is above 0.9. In addition, the slope of d 3,2 vs. J in size-stable region is much smaller than that in size-expanding zone. In 
Droplet formation frequency and fraction of active pores
Mean droplet formation frequency was estimated from high speed video recordings by counting the number of droplets produced from a given channel within a certain time period.
At least 50 different active channels were observed at each set of experimental conditions. At the tetradecane flux of above 10 3 L m -2 h -1 , more than 2 millions droplets per second were produced in the module and due to such high droplet productivity, only channels at the upstream edge of the plate were accessible to observation. At the lower fluxes, the observed channels were randomly chosen from the entire MC plate. Although the mean droplet formation frequency in repeated measurements conducted under the same conditions was relatively stable, as shown in Figure 9 , channel to channel variations over the plate surface were significant, with a coefficient of variation of 20−50%. For example, at the tetradecane flux of 10 L m -2 h -1 the mean droplet formation frequency f was 17 Hz, but the f values for individual active channels randomly varied over the plate from 8 to 35 Hz. Significant channel to channel variations in the droplet generation frequency even for the channels at a small distance from each other can be seen in Figure 10a . The tetradecane droplets arising from different channels were of equal size, but the frequency of their generation varied from channel to channel, which can be seen from variable distance between the adjacent droplets in different droplet streams. For example, the droplet generation frequency for droplet stream 1 and 2 was considerably higher than that for that for streams 5 and 6.
Frequency of droplet generation determined by CFD and experimentally is plotted as a function of Capillary number, Ca in Figure 11 . γ in the equation for Ca (= γ η / U d ) was assumed to be the interfacial tension at the interface between pure water and oil (see Table 1 ), i.e. the mass transfer of emulsifier to the liquid interface was neglected due to short detachment times. At the constant oil flux, the mean droplet generation frequency was the highest for n-tetradecane and the lowest for soybean oil. The reason for this behavior was explained in the next paragraph. The agreement between the experimental and CFD data was rather good, especially for soybean oil. The mean droplet generation frequency f for tetradecane reached 250 Hz at the critical flux, which is lower than 440 Hz, predicted by CFD analysis. Although droplet generation frequency for individual channels can reach a theoretical maximum of 440 Hz, the mean value is significantly lower due to large channel to channel variations in f.
The mean droplet generation rate is closely related to the fraction of active channels, k, which can be calculated from the mass balance equation for dispersed phase:
where d 4,3 is the volume weighted mean particle diameter, which is the sum of the volume ratio of droplets in each size class multiplied by the mid-point diameter of the size class (McClements, 2004) . Figure 9 shows that the mean droplet generation frequency increases with increasing tetradecane flux, but at a decreasing rate. Therefore, fraction of active channels should increase with flux, according to Eq. (2). The same conclusion can be derived from microscope images in Figure 10 . At 10 L m -2 h -1 (Figure 10a ), only 4 channels were active, out of approximately 100 channels that can be seen in the figure, e.g. the proportion of active MCs was only 4%. On the other hand, at 500 L m -2 h -1 (Figure 10b have found that different pores were active in different stages at the same pressure, suggesting that the pores became active at random. According to Abrahamse et al. (2002) , as soon as oil flows through a certain number of pores, the pressure under the membrane on the upstream side is reduced preventing other pores from being activated. At a higher flux more pores become active because the pressure difference increases and thus, the capillary pressure for a given pore is more likely to be overcome by the driving pressure.
Percentage of active channels calculated from the experimental f values using Eq. (2) The higher proportion of active channels for soybean oil as compared to MCT oil and tetradecane can be explained by the higher viscosity of soybean oil leading to a higher upstream pressure and therefore, the capillary pressure for a given channel is more likely to be overcome. For each type of oil, the flux at which channel activation was finished coincided approximately with the flux at a boundary between size-stable and size-expanding zone.
Therefore, in size-expanding zone the number of active pores was almost independent on flux.
Conclusions
The maximum droplet throughput in MC emulsification is strongly affected by the viscosity of the dispersed phase. Monodisperse droplets can only be formed if the interfacial tension force dominates over the sum of the buoyancy and viscous force, the latter being proportional to Uη d . The lower the dispersed phase visocosity η d , the higher the velocity U in the MC at which the interfacial tension force will be overcome and the higher the maximum disperse phase flux that can be achieved. The maximum dispersed phase flux in this work ranged from over 120 L m -2 h -1 for soybean oil (η d = 50 mPa s) to 2700 L m -2 h -1 for n-tetradecane (η d = 2.7 mPa s). The droplets of soybean and MCT oil produced in the size-stable and sizeexpanding regime were highly uniform in size with a distribution span in the range of 0.21−0.25. At the constant flux the droplet generation frequency increased with decreasing viscosity of the dispersed phase because the smaller proportion of microchannels was involved in droplet generation. For n-tetradecane, the maximum mean droplet generation frequency was 250 droplets per second per active channel, corresponding to the overall plate productivity of 3.2 million droplets per second. The fraction of active channels increased with increasing flux and most of the increase has occurred in the size-stable zone. For soybean oil, the fraction of active channels exceeded 95% at the boundary between the size-stable and size expanding regime. For n-tetradecane, due to smaller viscosity the fraction of active channels was only 50% at the boundary between the size-stable and size expanding regime. The correlation between experimental and CFD results was very good, particularly for soybean oil. These results can be applied for optimisation of the internal structure of microporous membranes used in membrane emulsification and for optimisation of microchannel geometry in PDMS microfluidics. Fig 7 a The effect of the flux of n-tetradecane on the mean droplet size and a span of particle size distribution. b Optical microscope image of uniform tetradecane droplets with a Sauter mean diameter of 27 µm generated in size-stable regime. 
